Beta frequency oscillations in scalp electroencephalography (EEG) recordings over the primary 11 motor cortex have been associated with the preparation and execution of voluntary movements. 12
Introduction 26
Motor adaptation, the ability to modify movements in response to changes in the environment to 27 maintain accuracy, is a fundamental feature of most types of goal-directed behaviour. Motor 28 adaptation is supported by a supraspinal neural network that includes (but is not limited to) the 29 cerebellum and motor cortex. These brain regions are thought to serve differing, but complementary 30 roles during motor adaptation. For example, a large body of work indicates the cerebellum is 31 critically involved in the generation of sensory prediction errors that drive the adaptation process, as 32 well as online control of complex movements 1-4 . In contrast, the motor cortex appears to support 33 memory of different environment dynamics: Transcranial magnetic disruption of the motor cortex in 34 humans does not influence learning of a new perturbing force, but leads to a deficit in behavioural 35 performance compared with controls in a delayed re-test of the same force 5 , and non-invasive 36 electrical stimulation of the motor cortex can improve retention of motor adaptation performance 6 . 37
Taken together, these data suggest that motor cortical areas support a long-term memory trace of 38 established motor programs, into which newly learned dynamics (potentially computed initially in 39 the cerebellum) are integrated. 40
Electroencephalography (EEG) signals in the beta frequency band are usually defined as being 41 between 13-30 Hz 7,8 . They are a prominent feature of motor areas in both human and non-human 42 primates and a link between beta frequencies and movement-related processing in the 43 sensorimotor cortex is well-established 9 . Typically, beta frequency EEG responses in the motor 44 cortex are reduced in amplitude (desynchronised) during movement and increase in amplitude at 45 the end of movements (beta rebound) 8 . Beta amplitude also increases during periods of sustained 46 holding 10-12 and has been linked to various kinematic parameters including reaction time 13 and 47 movement speed 14 . 48 In the context of motor adaptation, few studies have examined motor cortical beta signals in peri-49 movement time periods. The beta rebound has been observed to be attenuated during trials in 50 which large errors are made 15 . This is thought to reflect a role in feedback error processing, possibly 51 indicating an adaptive drive (defined here as the period during motor adaptation when motor errors 52 are largest in magnitude and thus the need to modify subsequent motor actions greatest). 53
Conversely, motor cortical beta signals have also been reported to be attenuated prior to movement 54 initiation in both a forcefield and a visuomotor adaptation task 16 . This pre-movement reduction in 55 beta power was interpreted to reflect a predictive updating of the upcoming motor command in 56 response to a previous error, and thereby signals an adaptive drive 16 . However, this idea was 57 challenged by a subsequent study that used an interlimb cooperative adaptation task to decouple 58 adaptive drive from altered motor commands and found that premovement beta modulation might 59 be a result of higher-level processing of sensory afferents that updates upcoming movements 17 . To 60 test the possibility that changes in beta activity in motor cortex could be related to adaptive drive 61 and are generalizable across species we report motor cortical beta frequency activity during motor 62 adaptation in two species: human and cats. We focus on beta activity in the pre-movement period 63 when adaptive drive is greatest for upcoming task performance. This pre-movement period is also 64 not confounded by the execution of the movement (which differs across the two species) allowing a 65 direct comparison of results between the two lines of experiment. 66
We found that beta frequency power recorded over the motor cortex as scalp EEG in humans, or 67 directly from the primary motor cortex as LFP activity in cats, was reduced (desynchronised) prior to 68 movement in trials when endpoint errors occurred during a joystick visuomotor adaptation task 69 (humans) or when target mis-reaches occurred in a prism visuomotor adaptation task (cats). In both 70 cases the effect was restricted to early adaptation, consistent with a role of reduced beta activity in 71 the motor cortex reflecting adaptive drive. 72
Methods

73
Ethics 74
Animal experiments were carried out in accordance with the UK Animals (Scientific Procedures) Act 75 1986 regulation and were reviewed and approved by the University of Bristol Animal Welfare Ethical 76 Review Body. The human experiments were approved by the University of Bristol Faculty of Science 77 Ethics Committee. All procedures were carried out in accordance with the approved guidelines and. 78 participants provided written informed consent prior to participation. Participants were 79 remunerated for their time in accordance with local policy. 80
Behaviour
81
Human experiments 82
Eleven healthy young adults took part (4 female, aged between 21 and 31). All were right-handed 83 (Edinburgh Handedness Inventory score: +87.5, SD±14.3) and had normal or corrected to normal 84 vision. 85
Participants performed a visuomotor adaptation task requiring them to use a joystick to control an 86 on-screen cursor 15, 18 . Each trial was initiated by the participant depressing the joystick trigger. One 87 of four possible black target dots (45°, 135°, 225°, or 315° from vertical) immediately appeared at 88 the edge of an invisible boundary circle centred on the starting position of the user-controlled green 89 dot, forming the task arena ( Figure 1 ). Targets were pseudorandomly presented in blocks of 20 trials, 90 with each target location presented 5 times within each block. Participants were instructed to move 91 the joystick as quickly and accurately as possible to the target, so the movements were effectively 92 ballistic. Trials that exceeded 750ms between target presentation and completion elicited an on-93 screen prompt to speed up the movements. The joystick was positioned in front of the dominant 94 (right) hand to the right-hand side of the screen, enabling a comfortable grasp whilst removing the 95 hand from the participant's view whilst engaged in the task. The task was run with Matlab using 96 Psychtoolbox version 3. Task code was modified from that made publicly available by D. Goldschmidt 97 at https://github.com/degoldschmidt/motor-experiments. Figure 1 depicts the appearance of the 98 video screen during an example trial. At the end of each individual trial, the green cursor froze at the 99 point of crossing the boundary of the task space until the participant began the next trial, delivering 100 a stable accuracy marker after the rapid movement. 101
There were three trial blocks each of 200 individual reach trials. The first block consisted of 'baseline' 102 trials in which the participants performed the joystick task as normal. The second block induced 103 visuomotor adaptation by implementing a clockwise 35° rotation transformation of the on-screen 104 joystick (green) cursor, requiring participants to modify their outward movement to overcome this 105 perturbation. The final block, identical to the first, was used to probe the participants' behavioural 106 adaptation to the transformation through the presence of an aftereffect. Participants were not 107 informed of the rotation transformation or the ordering of each block, and none reported explicit 108 awareness of the rotation transform other than that their performance had worsened. Participants 109 did not report the use of an explicit aiming strategy. Measurements of behavioural error were calculated as the angular displacement relative to the 119 target when reaches crossed the boundary of the task space (endpoint error) 19,20 . Movement 120 initiation was determined when the joystick cursor exceeded a Euclidian distance of 5 pixels from 121 the starting position. Reaction time was measured between the time of target presentation (joystick 122 trigger press), and movement initiation. Reach duration was measured between the time of 123 movement initiation and crossing of the task boundary. 124
Animal experiments 125
Three adult male cats (B, S and G) were trained to perform a left forelimb reach-retrieve task. The 126 target was a Perspex tube (diameter 3cm) placed at eye level at a comfortable reaching height and 127 distance (approximately 20cm) in front of the animal 21 . Reaches were cued by an opaque vertical 128 covering on the Perspex tube which was operated manually by the researchers when the cat was 129 attending to the door and had the reaching limb resting on the ground. The time taken between the 130 door opening and the paw lift-off was considered the reaction time. The reach duration was also 131 recorded as the time between the paw lift-off and entry into the tube, detected by infra-red beams. 132
Reaches were always positively rewarded with a fish morsel within the Perspex tube and no negative 133 training or food restriction was used. Video recordings of the behaviour were made using webcams 134 running at 30fps, synchronised with the neural data acquisition using the open source software 135 Bonsai 22 . These videos were assessed offline to classify reaches (see below). 136
Once the animals had learnt the reaching task (typically 4 weeks training) surgical implants of 137 recording electrodes were made (see below). Following full recovery from the surgery, daily 138 recording sessions commenced in which the cats performed approximately 80 reaching trials before 139 they became sated and the session was stopped, and they were returned to their home pen. The 140 progression of each recording session followed that of the human study and was divided into three 141 stages. Stage 1: Twenty baseline trials were obtained in which unperturbed reaching was performed 142 and animals rapidly and smoothly placed their forepaw into the target reward tube. Based on experimenter observation during the recording session and offline verification by 151 examining a video record of task performance, individual reaches were divided into three categories: 152 (i) 'Hits' when the cat rapidly and smoothly reached to place its forepaw into the target reward tube. 153 (ii) 'Misses' were the same as hits for the reach component of the movement, but the forepaw failed 154 initially to enter the target, hitting the Perspex façade ~1 cm to the left or right of the reward tube 155 entrance. A subsequent lateral adjustment was required for the paw to enter the tube to retrieve 156 the reward. (iii) 'Rejected' trials were all reaches that either had a reaction time shorter than 150ms; 157 a reach duration (time between paw lift-off and target/façade hit) more than 2 standard deviations 158 of the mean computed for each animal; reaches that displayed a corrective adjustment near the end 159 of the movement, prior to contact with the Perspex façade, in order for the forepaw to enter the 160 reward tube; or trials with large electrical noise artefacts in the neural data. Rejected reaches 161
accounted for approximately 20% of all trials and are not considered further. 162
Trial epochs 163
For the human experiments, the final 20 trials of baseline were used to represent the stable task 164 performance after any initial learning effects at the beginning of the task. The initial 20 trials 165 following implementation of the rotation perturbation were taken to represent early adaptation (EA) 166 in which the adaptive drive (salient error magnitude) is maximal, and the final 20 trials of the 167 perturbation block were taken to represent late adaptation (LA) in which performance is equivalent 168 to baseline (data not shown). 169
For the cat behaviour, 'Hits' made prior to the prism perturbation were taken as equivalent to the 170 baseline condition in the human experiments. The 'miss' category is taken as equivalent to the EA 171 period when errors are largest in magnitude and the rate of adaptation is greatest, while 'Hits' made 172 during prism perturbation (when adaptation had occurred) were taken as equivalent to the human 173 LA trials. 174
Electrophysiological recordings 175 Human EEG 176
The experiments were preformed within a purpose-built Faraday cage. EEG signals were captured 177 Data Pre-processing 207 Human EEG 208 EEG data were offline pre-processed using EEGLab 24 . For each participant, data were decomposed 209 using the Infomax Independent Component Analysis Algorithm, with components representing noise 210 artefacts (such as eye blinks or neck musculature) identified and removed before back-transforming 211 the data into time-domain electrode signals 25, 26 . As this study was interested in the scalp EEG signals 212 originating from contralateral motor cortex, only data from a single electrode (scalp location -C3) 213 commonly used to represent signals emanating from the motor cortex 27-30 was analysed. Trials were 214 identified from the timestamps of the joystick trigger press (target presentation), and movement 215 initiation was detected when the Euclidian distance of the cursor extended beyond a predetermined 216 'zero' zone (5 pixels). 217
Animal LFP 218
Data captured during individual recording sessions were visually inspected in Spike2 (Cambridge 219 Electronic Design) for recording quality and timestamps for reach trials were identified and extracted 220 based on the paw contact signal. LFP recordings across the 16 motor cortical sites appeared highly 221 similar, and no single units were identified on any recording day. Consequently, an example channel 222 was selected, bi-polar referenced to a second channel at the opposite end of the probe (reference 223 site spacing 1.1mm) to remove low frequency interference due to movement. 224
Data analysis 225
Further data analysis was performed using custom made Matlab functions. Pre-processed data from 226 both human and animal experiments were low-pass (100Hz) filtered, down-sampled to 500Hz and 227 high-pass (4Hz) filtered (4th order Butterworth). Next, 2 second windows centred on the movement 228 initiation (joystick movement or paw lift-off event marker) were extracted, and z-score normalised. data was extracted. In the case of the cats, as we had access to electromyographic (EMG) data from 241 the Cleidobrachialis Flexor, responsible for lifting the forelimb, we were able to determine a suitable 242 location for the window from the trial averaged EMG traces. The flexor muscle is consistently 243 quiescent when the animal is sitting quietly but has a robust ramping activity during reaching that 244 onsets prior to the timestamp of the paw lift ( Figure 2) . Thus, the 200ms windows were positioned 245 immediately prior to this ramping activity (Cats B and G: 400 to 200ms prior to paw lift. Cat S: 100 to 246 300ms prior to paw lift). As we did not have access to the equivalent EMG data for human 247 participants, the window was positioned in an equivalent window 400 to 200ms prior to detection of 248 the joystick movement. In all cases, the positioning of the window of interest was such that it fell in 249 between the mean trial initiation and movement initiation events, as such this window represents 250 neural activity occurring during the preparation of the executed reaching movements. 251
Experimental design and statistical analyses 252
These experiments are formally exploratory as prior to the experiment there was no suitable data to 253 carry out a formal a-priori power calculation. In addition, ethical issues restricted the number of 254 animals in the study. All statistical analyses were performed in SPSS (IBM). As shown in Table 1 , analysis of the LFP beta signal with both the reaction time and reach duration 298 showed a significant correlation for both metrics in one of the three cats (Cat S). In order to account 299 for this potential confound, we included the reaching metrics as covariates in further testing of all 300 Univariate ANOVA (with reaction time and reach duration set as covariates) revealed a significant 308 effect of adaptation condition in cat S (F(2,301)=11.13, p<0.0005), and these differences were 309 statistically significant (pairwise comparisons; Baseline vs EA p<0.0005, EA vs LA p<0.0005). No 310 significant difference was found between baseline and LA (0.024dB increase; pairwise comparisons, 311 p=1.0). The same model for cat G showed no statistically significant effect of the adaptation 312 condition (F(2,365)=1.23, p=0.293). Finally, the Univarate ANOVA model for cat B revealed a 313 significant effect of adaptation condition (F(2,385)=5.430, p=0.005), with significant decrease in beta 314 power between and EA and LA (p=0.006). The increase in beta between Baseline and EA was not 315 significant (p=0.329), nor was there significant changes between Baseline and LA (p=0.057). 316
In summary, the pooled human EEG data show a reduction in beta power pre-movement in EA 317 compared to both baseline and LA trials. By comparison, in two cats motor cortical LFP exhibited a 318 similar pattern of modulation to the human data, with a pre-movement decrease in EA compared to 319 baseline and LA trials. The exception was one animal that showed a non-significant increase in beta 320 power in EA by comparison to both baseline and LA. These effects were not related to the reaction 321 time or movement duration. 322 In this study we show that EEG beta frequencies, recorded at a scalp location classically associated 345 with motor cortical signals, are attenuated immediately prior to movement initiation specifically 346 during early stages of visuo-motor adaptation, and returned to baseline levels when behavioural 347 performance (endpoint errors) had returned to baseline performance: i.e. when adaptation drive is 348 greatest. Further, we provide evidence that beta activity recoded as local field potential activity 349 directly from the motor cortex in cats exhibits similar motor adaptation related changes. 350
Our results are consistent with previous work in human subjects which show a decrease in pre-351 movement sensorimotor EEG beta power during early stages of forcefield, and visuomotor 352 adaptation task -involving perturbing forces being applied to the limb 16,17 . This would suggest the 353 activity within the motor cortex is independent of the mode of sensory feedback. Forcefield 354 adaptation normally involves the integration of visual and proprioceptive information 32 , whereas 355 visuomotor adaptation relies on visual feedback to monitor performance 33 . This contrasts with 356 previous studies that indicate that forcefield and visuomotor adaptation may involve different 357 neural pathways/processes within the cerebellar cortex 34-37 . One possible explanation for this 358 difference is that signals arising from distinct cerebellar cortical regions are integrated within the 359 cerebellar nuclei and/or thalamus before being forwarded to the motor cortex for the preparation of 360 subsequent limb movements. 361
Our results from three cats performing a prism visuomotor adaptation task provide additional novel 362 evidence that a similar pre-movement modulation in beta power occurs in motor cortical LFP signals. 363
Individual differences observed within the animal data were mainly within or close to the expected 364 inter-individual variance observed for the human data. We take this as evidence to suggest that the 365 pre-movement beta effects are generalizable across species, and that the effects seen in the EEG 366 data are at least in part driven by motor cortical activity. 367 Importantly, the reduction in pre-movement beta activity appeared to be independent of reaction 368 time, which suggests that it is not related to movement initiation, whereas enhanced beta activity 369 has been implicated in a delay of movement onset in both monkeys and humans 13, 14 . Pre-movement 370 beta was also not correlated to the duration of reaches, whereas a study of Parkinsonian patients 371 concluded that beta oscillations in the supplementary motor area do appear related to movement 372 velocity 38 . Here, pre-movement beta attenuation was specific to periods where the drive to 373 adaptively modify the upcoming movement was greatest. 374
Simultaneous EEG, LFP and multi-unit spiking activity recording in area F5 (ventral pre-motor cortex) 375 of macaques have previously shown an inverse relationship between multi-unit activity and LFP and 376 EEG beta power 39 . Therefore, the present pre-movement beta modulation could reflect an increase 377 in motor cortical spiking activity at times of increased adaptative drive. Indeed, beta oscillations 378 have been linked with antidromic activity within the Pyramidal Tract neurons of the motor cortex 40 , 379 as well as the balance of inhibition/excitation (with elevated levels of endogenous GABA enhancing 380 both baseline beta oscillations and the magnitude of the movement-related desynchronisation) [41] [42] [43] . 381
Furthermore, studies of non-human primates during motor tasks has revealed that many cortical 382 neurons synchronise their activity to beta rhythms during periods of oscillation, limiting their spiking 383 rate to a narrower range than that present outside of oscillatory episodes 44 . Together, this raises the 384 possibility that the pre-movement beta desynchronisation observed here and in previous studies 385 reflects altered inhibitory control during times of increased adaptive drive. 386
An alternative (but not mutually exclusive) view of the origins of LFP oscillations is that they reflect 387 synchronous activity of synaptic inputs to neurons local to the recording site [45] [46] [47] . The observed 388 modulation of beta power could then be interpreted to represent changes in the amount of neural 389 synchrony in afferent signals to the motor cortex as proposed by Torrecillos and colleagues 16 . 390
In conclusion, our results show an adaptation related attenuation of beta oscillations during 391 movement preparation, recorded by scalp EEG over the motor cortex in humans and as motor 392 cortical LFP signals in cats. Our findings are consistent with the reduction in beta power reflecting 393 desynchrony of motor cortical PTNs in the early stages of adaptation when there are large 394 movement errors. This could correspond to changes in the excitatory/inhibitory balance disrupting 395 the ongoing beta oscillations, thus enabling modifications to established motor programs in 396 response to error signals detected by other brain regions such as the cerebellum. Further work is 397 necessary to elucidate the precise mechanisms supporting this beta phenomenon. 398 . 399
